Abstract: Histone acetylation is a reversible posttranslational modification that plays a fundamental role in regulating eukaryotic gene expression and chromatin structure/function. Key enzymes for removing acetyl groups from histones are metal (zinc)-dependent and NAD D -dependent histone deacetylases (HDACs). The molecular function of HDACs have been extensively characterized by various approaches including chemical, molecular, and structural biology, which demonstrated that HDACs regulate cell proliferation, differentiation, and metabolic homeostasis, and that their alterations are deeply involved in various human disorders including cancer. Notably, drug discovery efforts have achieved success in developing HDAC-targeting therapeutics for treatment of several cancers. However, recent advancements in proteomics technology have revealed much broader aspects of HDACs beyond gene expression control. Not only histones but also a large number of cellular proteins are subject to acetylation by histone acetyltransferases (HATs) and deacetylation by HDACs. Furthermore, some of their structures can flexibly accept and hydrolyze other acyl groups on protein lysine residues. This review mainly focuses on structural aspects of HDAC enzymatic activity regulated by interaction with substrates, co-factors, small molecule inhibitors, and activators.
Introduction
Covalent modifications of core histones play an important role in the modulation of chromatin structure and function. It has been proposed that site-specific histone modifications play a distinct role in diverse cellular functions and that their combinations constitute histone codes. 1),2) Histone acetylation is a well-characterized modification regulated by opposing activities of histone acetyltrasferases (HATs) and histone deacetylases (HDACs), and serves as one of the major components in epigenetic regulation of gene expression. In the years since Vincent Allfrey (1921 Allfrey ( -2002 ) et al. discovered that histone acetylation levels correlate with gene activity in 1964, 3) core histones have become the bestestablished protein target for reversible acetylation. Acetylation of histones occurs on lysine residues present in the N-terminal tails of core histones and is shown to associate with transcriptionally active chromatin. 4) HDACs are enzymes that remove the acetyl functional group from histones, and are divided into two major families, zinc-dependent and NAD D -dependent families. 5) HDACs are evolutionarily conserved from bacteria to humans. Although bacteria do not contain histones, they also have HAT-and HDAC-like proteins, which may function as enzymes regulating acetylation of non-histone proteins. 6) As it has been demonstrated that mammalian HDACs can accept not only histones but also a variety of non-histone cellular proteins as their substrates, they are collectively called proteinlysine (K) deacetylases (KDACs). 7) Furthermore, recent studies have shown that lysine residues are targeted by other acyl group modifications and that some HDAC enzymes are responsible for their deacylation.
8)-10) Thus, the catalytic reactions and biological functions of HDACs have become broader than originally thought.
Importantly, identification of specific HDAC inhibitors trichostatin A (TSA) and trapoxin (TPX) A and B in the early 1990s triggered and accelerated the boom in HDAC research (Fig. 1) . 11) These HDAC inhibitors induced dramatic changes in gene expression and cellular phenotypes. 12) Because aberrant acetylation of histones has been associated with many diseases including cancer, inflammation, and neuronal degeneration, HDACs attract broad attention as promising targets for therapy.
13)-15)
Indeed, four distinct HDAC inhibitors have been approved by US Food and Drug Administration (FDA) and used clinically for chemotherapy against T-cell lymphoma or multiple myeloma. Structural biology of HDACs revealed the molecular mechanisms as to how the catalytic reaction occurs and is inhibited by these compounds. 16) Thus, HDACs have become recognized as important enzymes for not only controlling cellular functions but also diseases in humans. Currently, the number of scientific papers containing the keyword "HDAC(s)" or "histone deacetylase(s)" exceeds 2,000 per year (Fig. 1) .
Discovery of deacetylases and their inhibitors
The first report on HDAC activity appeared in 1969 from Japan. 17) Since then, great efforts have been made to characterize their enzymatic activities in vitro, however attempts to purify these enzymes to homogeneity were unsuccessful for more than 25 years. Furthermore, the basic physiological roles of Year   0   500   1000   1500   2000   2500   1970  1972  1974  1976  1978  1980  1982  1984  1986  1988  1990  1992  1994  1996  1998  2000  2002  2004  2006  2008  2010  2012  2014 TSA TPX Fig. 1 . Number of publications regarding histone deacetylases per year. Data were obtained from the PubMed (https:// www.ncbi.nlm.nih.gov/pubmed) based on the keywords of "histone deacetylase", "histone deacetylases", "HDAC", and "HDACs".
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HDACs in gene expression in cells and tissues remained elusive until the 1990s because there were no tools available to specifically control their cellular activity. The major breakthrough came from the chemical biological study of HDACs. During biochemical analysis of HDAC activity in nuclei in the 1970s, it was found that millimolar concentrations of n-butyrate ( Fig. 2A) induced accumulation of acetylated histones in cells. 18) Soon after this finding, it was reported that n-butyrate inhibits HDAC activity both in vitro and in vivo. 19) , 20) Unfortunately, it was unclear whether the phenotypic consequences observed, such as cell cycle inhibition, were caused by n-butyrate-induced histone hyperacetylation because of its non-specific action on other enzymes and membranes. 21) In 1990, potent HDAC inhibition by the natural product TSA ( Fig. 2A ) was discovered by our group. 22 ) TSA, which had been isolated from a Streptomyces strain as an antifungal antibiotic 23) was rediscovered as a powerful inducer of murine erythroleukemia cell differentiation.
24),25)
TSA inhibited the activity of partially purified HDACs with a low nanomolar inhibition constant. TSA has a hydroxamic acid group, which can chelate a metal ion, suggesting that HDACs are metalcontaining enzymes. Importantly, TSA-resistant mutant cells possessing a TSA-resistant HDAC enzyme were found, providing genetic evidence for the causal relationship between HDAC inhibition and TSA-induced cell cycle arrest.
22) Thus, TSA has become a key chemical probe widely used for analyzing the role of histone acetylation in various biological systems.
11) TPX A and B ( Fig. 2A) , fungal cyclic peptides that had been identified as inducers of morphological change in transformed cells 26) were identified as another type of strong HDAC inhibitors.
27) Unlike TSA, TPX A and B irreversibly inhibit HDAC activity depending on their epoxyketone moiety. Discovery of these inhibitors from microbial origins opened a new avenue of research on histone acetylation, as researchers could investigate phenotypic changes induced by histone hyperacetylation in a variety of biological systems (Fig. 3 ).
11)
Histone acetylation was tightly associated with transcriptional control and treatment of cells with HDAC inhibitors induced a global change in gene expression. The potent ability of TPX to bind to HDACs was used for isolating the first HDAC molecule (HDAC1) by means of a TPX B-affinity matrix.
28) HDAC1 was found to be a homolog of RPD3, a transcriptional regulator in the budding yeast Saccharomyces cerevisiae. Since the initial cloning of HDAC1, more than 20,000 papers have been published on HDACs to date.
Based on the homology to HDAC1, eleven orthologs in this family were identified in humans. These enzymes are divided into three classes: RPD3-like class I (HDAC1, HDAC2, HDAC3, and HDAC8); HDA1-like class II (HDAC4, HDAC5, HDAC6, HDAC7, HDAC9, and HDAC10); and Hos3-like class IV (HDAC11).
29) The class II enzymes are further divided into two subclasses, class IIa (HDAC4, HDAC5, HDAC7, and HDAC9) and class IIb (HDAC6 and HDAC10). All of these HDACs are zinc-dependent enzymes that can be inhibited by TSA. Importantly, however, class IIb enzymes are relatively resistant to some classes of HDAC inhibitors such as TPX A and B.
The cellular-and tissue-level functions of zincdependent HDACs have been extensively studied by biochemical and genetic approaches. 29) Knockout mouse lines have been developed for all of the HDAC genes and their phenotypes were characterized (Table 1). 30)-39) Class I HDACs are ubiquitously expressed in all tissues and localized mainly in the nucleus. Deletion of the HDAC1 gene resulted in embryonic lethality in mice and reduced proliferation of embryonic stem (ES) cells. 30) Cell cycle inhibition by HDAC inhibitors or HDAC1 disruption appears to be largely due to the increased expression of the cyclin-dependent kinase (CDK) inhibitor protein p21, as deletion of the p21 gene partially rescued the growth inhibitory phenotype of both cancer and ES cells. 40) ,41) HDAC3 knockout mice were also embryonic lethal with abnormal heart development. 32) On the other hand, HDAC2 deletion did not cause embryonic lethality, but the mice died soon after birth due to cardiac defects. 31) HDAC8-deficient mice also died in the perinatal period because of cranial defects. 37) Class IIa HDACs are expressed in a tissue-specific manner. HDAC4 knockout mice showed abnormal hyperosteogeny, while HDAC5 and HDAC9 knockouts exhibited severe cardiac defects. 33 ),34) HDAC7 disruption caused embryonic lethality due to vascular system defects. 36) In contrast, class IIb HDACs appear dispensable for animal growth. HDAC6, a unique enzyme containing two active catalytic domains, was nonessential for mouse development and its knockout mice developed normally without any visible phenotypes 35) although the enzyme is ubiquitously expressed.
In 2000, S. cerevisiae Sir2, which had been originally identified in a genetic screen for genes involved in controlling expression of silent mating type loci, was found to deacetylate histones in a distinct mechanism dependent on nicotinamide adenine dinucleotide (NAD D ). 42),43) Yeast Sir2 is required for transcriptional silencing in the chromosomal regions around heterochromatin. Yeast has four other Sir2-like proteins (sirtuins), all of which function as deacetylases. Sirtuins are categorized as the third class of HDACs (class III), which require NAD D as a cofactor for enzymatic activity. Sirtuins are also conserved from bacteria to mammals and there are seven homologues (SIRT1, SIRT2, SIRT3, SIRT4, SIRT5, SIRT6, and SIRT7) in humans. Based on the phylogenic relationship of sirtuins having a conserved core domain with several sequence motifs, they are further categorized into several classes and subclasses. Of the seven mammalian sirtuins (SIRT1-SIRT7), SIRT1, 2, and 3 have robust deacetylase activity on a wide variety of nonhistone substrates, whereas SIRT7 is a highly specific deacetylase for histone H3K18Ac. 44 48) although it can translocate into the nucleus during a particular cell cycle phase. 49) On the other hand, SIRT3, SIRT4, and SIRT5 are located in mitochondria. 50) SIRT7) in mice resulted in severe growth defects or shorter lifespans. SIRT1-deficient mice exhibit early postnatal lethality and developmental defects of the retina and heart. 51) SIRT6-deficient mice are born at the Mendelian ratio without obvious abnormalities, but exhibit age-related degeneration, severe metabolic defects, and eventually die four weeks after birth. 52) SIRT6-deficient cells show increased sensitivity to DNA damage and genomic instability. SIRT7 knockout mice exhibit partial embryonic lethality and a shorter lifespan with a progeroid-like phenotype. 53 ),54) Depletion of SIRT7 in cultured cells consistently resulted in increased replication stress and impaired DNA repair largely due to reduced efficiency of non-homologous end joining. 54) In contrast to depletion of the nuclear sirtuin genes in mice, mice lacking SIRT2 or the mitochondrial sirtuins including SIRT3, SIRT4, and SIRT5, were viable and did not display an obvious abnormality at the steady state.
55)-57)
Some sirtuins have been shown to possess another type of enzymatic activity, mono-ADPribosyltransferase. 45 ),58) Interestingly, mono-ADPribosyltransferase activity was found to be the main enzymatic activity of SIRT4. Mutational analysis demonstrated that a conserved histidine residue was essential not only for NAD D -dependent deacetylase activity but also for mono-ADP-ribosyltransferase activity. 59) Recently, it has been shown that sirtuins have a broad spectrum of de-acylation activity on proteins with acyl-lysine residues (see below).
Structural and catalytic mechanism of deacetylases HDLP. Successful determination of the X-ray crystal structure of histone deacetylase-like protein (HDLP) from the hyperthermophilic bacterium Aquifex aeolicus 60) provided the first insight into the molecular mechanism underlying the TSAsensitive, zinc-dependent enzymatic reaction of HDACs (classes I, II, and IV) (Fig. 4A ). Despite its bacterial origin, HDLP showed more than 35% identity with human HDAC1 and TSA-sensitive histone deacetylase activity. The overall structure of HDLP showed topology similar to arginase, with an ,/O fold and an 8-stranded parallel O-sheet (Fig. 4B) . 61) Arginase is a Mn 2D -containing enzyme that hydrolyzes arginine to produce urea and ornithine, which is required for the urea cycle, suggesting that HDACs evolved from a common metalloprotein ancestor.
The HDLP catalytic core consists of a tubular pocket, a zinc-binding site, and active-site residues of a tyrosine and two histidines that make hydrogen bonds with two aspartic acids (Fig. 4A ). Based on the structure, it was proposed that one of the two His-Asp charge relay systems facilitates serine protease-like nucleophilic attack at the substrate carbonyl by activating a water molecule coordinated with the zinc ion. Co-crystallization of HDLP with TSA demonstrated that TSA binds by inserting its long aliphatic chain into the tube-like pocket in HDLP and inhibits enzymatic activity by interacting with the zinc and active-site residues through its hydroxamic acid at one end of the aliphatic chain ( Fig. 4A) . 60) Thus, TSA acts as a substrate mimetic. As a functional group of the inhibitor, the hydroxamic acid residue coordinates the zinc through its carbonyl and hydroxyl groups, resulting in the formation of a penta-coordinated zinc. Indeed, suberoylanilide hydroxamic acid (SAHA) ( Fig. 2A) , the first HDAC inhibitor that was approved as an anticancer drug by FDA, was also shown to coordinate the zinc with its hydroxamic acid residue. 60) On the other hand, the aromatic group at the other end of TSA or SAHA has contact with the hydrophobic residues surrounding the entrance of the active site pocket, acting as a cap. 60) Thus, the chemical structure consisting of a cap, spacer and a zinc-binding functional group, is the shared architecture of potent HDAC inhibitors (Fig. 4C) .
Class I HDACs. Subsequent studies by X-ray crystallography of mammalian HDAC8 showed essentially the same catalytic domain structure as HDLP (Fig. 4D ).
62), 63) The residues constituting the active site pocket are highly conserved among the zinc-dependent HDAC enzymes. However, further crystallographic analysis of active site residue mutants of HDAC8 as well as molecular dynamic simulations, prompted a revised model for the catalytic mechanism anticipated by the HDLP structure. 64) , 65) In the revised model, H143 serves as the catalytic base in the nucleophilic attack, which is a similar role for the catalytic histidine residue in The inositol phosphate is represented as space-filled spheres, in which C, O, and P atoms are depicted in yellow, red, and orange, respectively. The DAD is colored in green.
Chemical and structural biology of protein lysine deacetylases No. 5] conventional metalloproteases (Fig. 4E) . The role of metal ions for HDAC8 was also structurally and biochemically analyzed, and not only zinc but also iron is suggested to act as a catalytic metal in both in vitro and in vivo reactions. 66 ),67) Quantum mechanics/Molecular mechanics (QM/MM) molecular dynamics simulations suggest that the K D ion, which was found about 7 Å away from the catalytic zinc ion in HDAC8, has a role in substrate binding and the basicity of the catalytic H143 residue. 65) Class I HDACs have been shown to form large complexes in cells. HDAC1 and HDAC2 exist together and constitute at least three distinct complexes called mammalian Sin3 complex (mSin3), nucleosome remodeling and deacetylating complex (NuRD) and co-repressor for element-1-silencing transcription factor (CoREST) (reviewed by Ayer, Trends Cell Biol, 1999 68) ). HDAC3 is a catalytic subunit of silencing mediator for retinoid or thyroidhormone receptors (SMRT) and nuclear receptor corepressor (N-CoR) complexes, which were identified as nuclear hormone receptor co-repressors. These multiprotein complexes recruit class I HDACs to specific gene loci for transcriptional repression. In addition, complex formation enhances their enzymatic activity. 29) The mechanism underlying catalytic activation by co-repressor binding was investigated by crystal structure analysis of HDAC3 complexed with the deacetylase activation domain (DAD) from the human SMRT co-repressor. Surprisingly, there was inositol-tetraphosphate (Ins(1,4,5,6)P4) in the interface between the two proteins, acting as a molecular glue (Fig. 4F) . 69) Ins(1,4,5,6)P4 was also detected in the complex of HDAC1 with Metastasis-associated protein 1 (MTA1) from the NuRD complex, which may function to recruit nucleosomes to the active site of the enzyme. 70) Further biochemical and structural studies on inositol-phosphates suggest that there is allosteric communication between the inositol-binding site and the active site, and that the role of inositol-phosphate in complex formation as a bona fide regulator of class I HDACs provides novel therapeutic opportunities to control gene expression. 71) Class II HDACs. Class II HDACs are subdivided into class IIa and IIb depending on sequence similarity. The enzymatic activity of the catalytic domain of class IIa HDACs is weak, and its overall activity depends on SMRT or N-CoR multiprotein co-repressor complex containing HDAC3.
72) The first structural information on the class II HDAC family was provided from the crystal structure of a bacterial homologue, FB188 histone deacetylase-like amidohydrolase (FB188 HDAH). 73) FB188 HDAH has significant similarity to HDAC6, exhibiting 30% identity with the first catalytic domain of HDAC6 (CD1) and 35% identity with the second (CD2), suggesting that FB188 HDAH is a cognate enzyme with HDAC6. Following FB188 HDAH, structures of human class IIa enzymes such as HDAC7 and HDAC4 were solved. 74) , 75) Although the active site structures of zinc-dependent HDACs are generally well conserved, the active site tyrosine residue in class IIa enzymes is replaced by a histidine residue. This tyrosine residue appears to be important for stabilizing the tetrahedral intermediate with the zinc ion. Therefore, the most likely reason for the weak catalytic activity of class IIa HDACs is the lack of the catalytic tyrosine residue. Indeed, the catalytic activity of HDAC4 was enhanced by the single His to Tyr substitution, reaching levels comparable to that of class I enzymes.
76) The physiological role of this weak catalytic activity remains unknown. Furthermore, a novel zinc-binding domain unique to class IIa enzymes was found near the active site in the crystal structures, which results in modified catalytic properties, active site pocket enlargement, and association with HDAC3 and co-repressor complexes such as SMRT and N-CoR. It is likely that the activity of class IIa enzymes is regulated through the formation of multi-subunit complexes with other proteins, but further investigation is needed for elucidating the detailed mechanism.
Class III HDACs (Sirtuins).
Sirtuins are categorized into the deoxyhypusine synthase (DHS)-like NAD/FAD-binding domain superfamily of proteins. Structural studies of Sir2 homologues have shown the mechanism of NAD D -dependent catalysis. Sirtuin proteins consist of two domains, a large domain having a Rossmann-fold and a small zincbinding domain.
77)-79) The conserved catalytic pocket resides in a groove between the two domains, forming a protein-tunnel in which the substrate interacts with NAD D (Fig. 5A-C) . The reaction mechanism for deacetylation includes nicotinamide cleavage and ADP-ribose transfer. 80 ),81) After nucleophilic addition of the acetamide oxygen to the C1B position of the nicotinamide ribose to form a C1B-O-alkylamidate intermediate and free nicotinamide, the 1B,2B-cyclic intermediate formation occurs, which is then attacked by an activated water molecule, resulting in the formation of deacetylated lysine and 2B-O-acetyl-ADP-ribose (Fig. 5D ). 2B-O-acetyl-ADP-ribose can be readily converted to 3B-O-acetyl-ADP-ribose in aqueous solution by non-enzymatic intramolecular transesterification. Thus, nicotinamide, the deacetylated peptide and a mixture of 2B-and 3B-O-acetyl-ADP-ribose are the final reaction products.
SIRT1 (also known as Sir2,) is the closest mammalian homologue of yeast Sir2. In human SIRT1, which is composed of 747 residues, the catalytic domain is located in the central region while the N-and C-terminal regions regulate catalytic activity. 82) In particular, 25 residues at the C-terminal region (aa 631-655) are required for catalytic activity 83) and compete with Deleted in bladder cancer protein 1 (DBC1), a negative regulator of SIRT1. 84),85) Recently, the crystal structure of human SIRT1 in complex with the Cterminal region was determined. Small molecule inhibitors/activators HDAC inhibitors. n-Butyrate was the first chemical tool to inhibit cellular HDAC activity, but required a high concentration for HDAC inhibition. 19 ),20) Subsequent discovery of natural products that specifically inhibit HDAC activity has greatly contributed to the elucidation of structures and functions of HDACs and their role in gene expression and diseases. TSA and TPX are structurally unrelated microbial metabolites that were originally isolated as antifungal antibiotics, suggesting that HDACs are potential targets for antibiotics. Indeed, chlamydocin ( Fig. 2A) , HC-toxin ( Fig. 2A) , and a number of other cyclic tetrapeptides with an epoxyketone have been identified as cytotoxic compounds from natural sources and were later shown to have anti-HDAC activity.
11),87) Apiciidin ( Fig. 2A) , which had been identified as a potent, broadspectrum antiprotozoal agent containing an ethyl ketone, was also shown to be an HDAC inhibitor. 88) We hypothesized that the hydroxamic acid of TSA and the electrophilic ketone group of TPX-related cyclic tetrapeptides are common features that inhibit HDAC activity, and designed a series of novel cyclic tetrapeptides containing the hydroxamic acid moiety instead of epoxy ketones. These synthetic hybrid compounds turned out to be very potent inhibitors with increased stability. 87 ),89) The potential of HDACs as molecular targets for cancer therapeutics was widely studied using variety of natural and synthetic HDAC inhibitors and genetic mutations, and class I HDACs might be promising targets since it was shown that class I HDACs act as repressors of cyclin-dependent kinase (CDK) inhibitors, differentiation factors, and proapoptotic factors. 90) In 1998, HDAC inhibition by two clinically important compounds, SAHA (vorinostat) ( Fig. 2A) and FK228 (romidepsin) (Fig. 2A) , was reported. 91 ),92) SAHA was originally synthesized starting from hybrid polar compounds such as hexamethylenebisacetamide and reported as a potent inducer of murine erythroleukemia cell differentiation. 93) Richon et al. found the HDAC inhibitory activity of SAHA according to its structural and biological similarity to TSA. FK228, an antitumor cyclic depsipeptide isolated from Chromobacterium violaceum, was also shown to inhibit HDACs by our group. 92) Phase I clinical trials conducted by Bates et al. in the National Cancer Institute revealed that FK228 is effective against cutaneous T-cell lymphoma (CTCL). 94) Because no effective drug for CTCL therapy was available, the development of HDAC inhibitors as therapeutic drugs was accelerated. SAHA was the first HDAC inhibitor approved for cancer chemotherapy in 2006. 95) Following SAHA, FK228 was also approved in 2009. FK228 has an intramolecular disulfide bond, which is reduced in cells to form a thiol group that can interact with the active-site zinc ion. 96) Thus, FK228 acts as a prodrug, which can be activated in cancer cells (Fig. 6) . Largazole ( Fig. 2A) , another natural product that contains a thioester bond, is also activated by hydrolysis in cells. 97) Another class of clinically important HDAC inhibitors is benzamides, including entinostat/SNDX-275/MS-275 ( Fig. 2A) . MS-275 is the first synthetic benzamide compound with HDAC inhibitory activity. 98) Molecular interaction between the zinc ion in the active site and the functional groups of inhibitors including not only hydroxamic acids, but also benzamides and thiols, was confirmed by X-ray co-crystallography. 99 ),100) Thus, a large number of structurally diverse HDAC inhibitors have been discovered from natural sources or synthetically developed, many of which are being studied clinically. 101) Recently, belinostat/PXD101 ( Fig. 2A ) and panobinostat/LBH589 ( Fig. 2A) were also approved for treatment of T-cell lymphoma and multiple myeloma, respectively. In the case of panobinostat/ LBH589, treatment of multiple myeloma in combination with bortezomib (velcade), a proteasome inhibitor, is recommended because of the synergistic cytotoxicity to multiple myeloma due to the simultaneous inhibition of HDAC6-dependent aggresome formation followed by autophagy-mediated degradation and proteasomal degradation of misfolded proteins. Fig. 2A). 
103),104)
The mode of action of some of these inhibitors has been elucidated by structural analysis of cocrystals. The first generation of HDAC inhibitors such as TSA and SAHA inhibit essentially all zincdependent HDACs including HDAC6. In contrast, a subset of HDAC inhibitors such as n-butyrate, TPX, FK228 and MS-275 cannot inhibit HDAC6, likely due to the difference in the structure of the active site pocket. Consistent with this, a bacterial HDAC6 homologue, FB188 HDAH, with significant difference in the area around the active site entrance, showed an inhibitor sensitivity spectrum similar to HDAC6. Tubacin, an HDAC6 specific inhibitor, strongly inhibited the enzymatic activity of FB188, while chlamydocin and HC-toxin, cyclic tetrapeptide inhibitors related to TPX, failed to inhibit FB188. 105) Based on the flexible structure of the surface around the active site, the HDAC8-specific inhibitor, PCI-34051 ( Fig. 2A) , was synthesized and induced apoptosis in T-cell lymphoma without increasing histone and ,-tubulin acetylation. 106) Using structural information about differences between the shapes of the HDAC1 and HDAC3 internal cavities, novel biaryl derivatives of benzamide inhibitors were designed, which showed selective HDAC1/HDAC2 inhibitory activity. 107) Despite a large number of reports on anticancer activity of HDAC inhibitors, the precise mechanism by which HDAC inhibitors exert therapeutic effects still remains ambiguous. Aberrant histone acetylation is associated with dysregulation of gene expression in cancer. Indeed, loss-of-function mutations or translocations of CBP, p300, and MOZ genes encoding HAT enzymes have been found in some cancers. Individuals with the Rubinstein-Taybi syndrome, who carry a loss-of-function mutation in one of the alleles of CBP, have a high risk of cancer. 108) In some cases of acute myeloid leukemia, fusion of the MOZ and p300 genes has been found. 109) Altered expression of HDAC genes have also been reported in various types of cancers, but does not always correlate with malignancy. Mutations in HDAC genes are rarely found in cancer. 110) In the case of HDACs, aberrant activities of HDACs are more likely to link to oncogenic events rather than mutations or aberrant gene expression. It is reported that aberrant transcriptional repression through the recruitment of HDACs by oncogenic translocation products such as PML-RAR, is associated with specific forms of leukemia and lymphoma. 111 ) HDAC inhibitor treatment induces hyperacetylation of histones, resulting in altered expression of specific genes, including tumor suppressors, which were epigenetically repressed in cancer cells. As a result, multiple events are induced in cancer cells, including cell cycle arrest, apoptosis, senescence, differentiation, immunogenicity, and inhibition of angiogenesis. 112) HDAC inhibitors arrest the cell cycle of normal cells in G1 and G2 phases without severe cytotoxicity 113) by increasing the expression of p21 cell cycle inhibitor protein.
114), 115) In contrast, apoptotic cell death was induced in cancer cells by HDAC inhibitors through the increased expression of proapoptotic factors and the reduced expression of antiapoptotic factors. 116) In addition to histones, HDAC inhibitors appear to exhibit antitumor activities through hyperacetylation of non-histone proteins including transcriptional factors and chaperon proteins. 117) Increased acetylation of transcriptional factors with tumor suppressor function such as p53 by HDAC inhibitors enhances their transcriptional activity, which alters target gene expression leading to tumor suppression. HDAC inhibitors also induce hyperacetylation of HSP90, which inhibits its chaperon activity, causing destabilization of a number of client proteins including oncoproteins. 118) Chemical and structural biology of protein lysine deacetylases No. 5] Sirtuin inhibitors. The deacetylase activity of sirtuins is insensitive to TSA, due to difference in their catalytic mechanisms and structures. Sirtuin reactions require hydrolysis of NAD D , and its byproduct nicotinamide is an intrinsic inhibitor. Carba-NAD D (Fig. 2B) Involvement of sirtuins in various human diseases such as leukemia and Parkinson's disease has been reported and prompted many groups to discover pharmacological inhibitors of sirtuins. A class of small molecule Sir2 inhibitors was discovered by a high throughput, phenotypic screen in yeast cells. Sirtinol (Fig. 2B) and splitomicin (Fig. 2B) were identified through a screen based on telomere silencing in yeast (e.g., Bedalov et al., 2001 120) ). Following these, a number of compounds including cambinol, salermide, tenovin, EX-527, AGK2, etc. (Fig. 2B) have been reported as sirtuin inhibitors. Sirtuin inhibitors may be roughly divided into two groups, those interacting with the NAD D (nicotinamide and ADP-ribose) binding site and those interacting with the acetyl-lysine binding site. These inhibitors have been applied not only to investigate the role of sirtuins in diverse biological processes but also to validate sirtuins as therapeutic targets. Using a selective inhibitor for instance, SIRT2 emerged as a potential therapeutic target for Parkinson's disease, since AGK2 rescues neuronal cell death in models of Parkinson's disease. 121) Recently, Sirtuin-rearranging ligand 2 (SirReal2) (Fig. 2B ) was reported as a specific small molecule inhibitor of SIRT2. Binding of SirReal2 elicited a drastic conformational rearrangement to generate a large hydrophobic cavity to accept the inhibitor.
122)
Sirtuin activators. It has been established that caloric restriction can induce lifespan extension in a wide range of organisms from yeasts to primates. Caloric restriction upregulates cellular NAD D levels, suggesting that sirtuins are activated under calorie restriction conditions. Following the first observation that Sir2 and NAD D are required for lifespan extension in the budding yeast Saccharomyces cerevisiae in 2000. 123) SIR2 has been one of the candidate genes involved in the regulation of aging through energy metabolism in metazoans. 124) SIRT1 is the mammalian Sir2 homologue with the highest sequence similarity, and is reported to regulate aging in mice. However, the role of sirtuins in the lifespan extension has been controversial. The longevity of Caenorhabditis elegans and Drosophila melanogaster induced by Sir2 overexpression in early observations was re-investigated and found to be independent of Sir2. 125) In contrast, overexpression of SIRT6 but not SIRT1 caused a significantly longer lifespan than wild-type in male but not female mice. 126) In 2003, resveratrol (Fig. 2C) and related polyphenols were identified as sirtuin activators, which mimic caloric restriction and delay the aging process. 127) Since resveratrol and related compounds in grapes have been postulated to reduce the risk of ischemic cardiac disease, sirtuins became regarded as one of the key regulators for human health span. Furthermore, synthetic small molecule activators of SIRT1 (STACs) (Fig. 2C) , chemically unrelated to resveratrol, showed pharmacological activity to protect mice from metabolic disorders such as dietinduced obesity, type 2 diabetes, or nonalcoholic fatty liver disease. 128) However, the validity of resveratrol and STACs in directly activating SIRT1 has been widely debated because these small molecules increased enzymatic activity only when a fluorescently labeled peptide substrate was used.
129),130)
On the other hand, another group demonstrated STAC-mediated allosteric activation of SIRT1 towards a subset of specific substrates. Indeed, STACs significantly upregulated SIRT1 enzyme activity to deacetylate specific substrates containing hydrophobic residue(s) at subsite D1 or D6, such as in PGC-1, and FOXO3a. 131) Furthermore, a single point mutation at E230 was identified to attenuate STAC-mediated activation of SIRT1, suggesting a direct effect on SIRT1. 132) Recently, an X-ray crystallographic structure of mini-hSIRT1, a minimal structure enabling STAC-mediated activation, was analyzed in complex with STACs. The STACbinding domain was located in the N-terminal region apart from the active site, but could intramolecularly interact with the active site by electrostatic interaction between E230 and R446, supporting the hypothesis of a direct activation mechanism by small molecules. 133) However, it is still possible that resveratrol action depends on other cellular pathways, as resveratrol shows pleiotropic actions including antioxidant, AMP kinase activation and phosphodi-esterase 4 (PDE4) inhibition. 134) , 135) Recent studies demonstrated that another PDE4 inhibitor reproduced most of the resveratrol actions including prevention of diet-induced obesity and an increase in mitochondrial function, physical stamina and glucose tolerance in mice. Furthermore, resveratrol also strongly binds to the active site of human tyrosyl tRNA synthetase (TyrRS), which in turn activates poly(ADP-ribose) polymerase 1 (PARP1) by stimulating auto-ADP-ribosylation, thereby activating stress tolerance.
136)

Non-histone substrates
Although acetylation of some non-histone proteins including ribosomal proteins and ,-tubulin had been reported more than 30 years ago, 137),138) their functional relevance was unknown. In 1997, p53, a tumor suppressor protein, was reported to be acetylated: p300 catalyzes acetylation, which enhanced the transcriptional activity of p53 by conformational change. 139) PCAF was also reported to acetylate p53, 140) whereas HDAC1, HDAC2, HDAC3, and SIRT1 were involved in deacetylation of p53.
141),142)
It was shown that acetylation promotes the DNA binding activity of p53. In vivo sites of acetylation by p300 and PCAF are targets for DNA damageinduced acetylation, indicating that acetylation of p53 mediates response to cellular DNA damage. Importantly, some of these acetylation sites overlap with those of ubiquitination sites, suggesting that acetylation regulates both the activity and stability of p53. 143) Immediately after the discovery of p53 acetylation, acetylation of many other proteins (mostly nuclear proteins such as transcription factors) was reported including Ku70, nuclear factor 5B (NF-5B) subunit RelA, and protooncogene protein c-Myc, most of which have been determined to be substrates of class I and III enzymes.
117) SIRT1 was also reported to deacetylate p53, 142) NF-5B, 144) FOXO 145) and PPAR., 146) in addition to core histones. These non-histone protein substrates of SIRT1 are important transcriptional regulators involved in aging and metabolism, and their activity is regulated by SIRT1.
In addition to nuclear acetylated proteins regulated by conventional HDACs, a number of cytoplasmic proteins are also targets of acetylation. HDAC6 is a unique enzyme that is specifically localized in the cytoplasm. 147) We found that TPX A and B cannot inhibit HDAC6, whereas TSA inhibits all HDACs including HDAC6. 87) This differential target enzyme specificity provided an experimental setting for determining the substrate of HDAC6. As a result of screening for proteins whose acetylation is increased by TSA but not TPX B, we identified ,-tubulin as a specific substrate for HDAC6 (Fig. 7A). 148),149) Acetylation of the C-amino group of K40 on ,-tubulin has long been known, but the enzymes responsible for acetylation and deacetylation remained elusive. Thus, HDAC6 was the long-awaited deacetylase for ,-tubulin. In addition, SIRT2 was found to co-localize with HDAC6 and microtubules, and was shown to be another deacetylase of ,-tubulin.
150) Hyperacetylation of ,-tubulin by HDAC inhibitors or HDAC6 knockdown increased the stability of the dynamic pool of microtubules. It was also reported that HDAC6 is involved in recruiting ubiquitinated unfolded proteins to dynein on microtubules through its ubiquitin-binding domain, thereby facilitating aggresome formation and subsequent clearance by autophagic degradation.
151), 152) In 2010, MEC-17 (also known as ,TAT1), a protein related to the Gcn5 histone acetyltransferases and required for the function of touch receptor neurons in Caenorhabditis elegans, was identified as an ,-tubulin acetyltransferase (Fig. 7A). 153), 154) HDAC6 was also shown to deacetylate several cytoplasmic proteins such as Hsp90 and cortactin.
118),155) Hyperacetylation of Hsp90 by the loss of HDAC6 activity resulted in the inhibition of its chaperone activity, thereby suppressing Hsp90-mediated protein stability and growth signaling pathways. 118) Cortactin (cortical actin binding protein) is an actin-binding protein promoting polymerization and rearrangement of the actin cytoskeleton, which has emerged as a key factor in aggressive cancers. 156) We found that cortactin shuttles between the cytoplasm and the nucleus in a manner dependent on chromosome region maintenance 1 (CRM1), a general nuclear export factor. We also identified Kelch-like ECH-associated protein 1 (Keap1) as a novel binding partner of cortactin, responsible for tethering cortactin in the cytoplasm, promoting cortical localization of cortactin and subsequent actin remodeling in response to growth signaling (Fig. 7B) . Acetylation occurs on conserved lysine residues in the repeat domain required for the interaction with Keap1. Therefore, cortactin acetylation inhibits binding to Keap1, leading to inhibition of cortical translocation of cortactin necessary for cancer cell motility and invasion (Fig. 7B). 155),157) Importantly, both HDAC6 and SIRT2 were involved in deacetylation of cortactin, as they are with ,-tubulin, suggesting that these two enzymes share part of a physiological function and form a common complex. Inhibition of HDAC6 by genetic or pharmacological means reduces cell migration, 148) , 158) suggesting that HDAC6 and SIRT2 are attractive targets for antimetastasis therapy.
The functional consequences of protein acetylation are diverse and include changes in activity, subcellular localization, and stability. These changes are attributed at least in part, to inhibition of nuclear import or export, regulation of protein-protein interactions and competition with other protein lysine post-translational modifications such as ubiquitination. Recent technological advancements in highresolution mass spectrometry have allowed for comprehensive analysis of cellular acetylated proteins, called the "acetylome". Using stable isotope labeling by amino acids in cell culture (SILAC), more than 3,600 acetylation sites of 1,750 proteins were determined from cells treated with HDAC inhibitors. 159) Gene ontology analysis demonstrates that proteins regulated by acetylation are widespread, e.g., many proteins that control the cell cycle, RNA splicing, and ribosome are acetylated, in addition to histones and factors involved in chromatin remodeling. For Keap1, known as a negative regulator of the transcription factor Nrf2, was identified as a novel partner of cortactin, which regulates nuclear-cytoplasmic transport of cortactin. In addition, cortactin interaction with Keap1 is required for cortical localization of cortactin. Acetylation of cortactin inhibits the interaction with Keap1, thereby controlling cell migration. Cortactin is acetylated by acetyltransferase activity of the nuclear CBP, which is also by regulated by deacetylase activity of SIRT1 in the nucleus. Upon growth stimulation, cortactin is deacetylated by two cytoplasmic deacetylases, HDAC6 and SIRT2, which promotes cortical translocation and cell migration.
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[Vol. 93, instance, acetylation of SMC3 in S-phase, one of the core proteins of the cohesin complex, is important for sister chromatid cohesion. 160) HDAC8 was identified as the enzyme required for deacetylation of SMC3, and loss of HDAC8 activity by genetic mutation increases SMC3 acetylation and causes Cornelia de Lange syndrome. 161) In mitochondria, which are postulated to be derived form symbiotic bacteria, many proteins are also subject to acetylation. SIRT3 knockout mice for instance, exhibited striking mitochondrial protein hyperacetylation, indicating that SIRT3 is a major mitochondrial deacetylase. 162) Like other sirtuins, SIRT3 requires NAD D for its enzymatic activity, suggesting a role of SIRT3 as a metabolic sensor in mitochondria. The first identified substrate of SIRT3 was acetyl-CoA synthase 2 (AceCS2), which is involved in utilization of acetate under fasting conditions. 163) , 164) The enzymatic activity of AceCS2 was completely inhibited by acetylation, while it was reactivated by SIRT3-mediated deacetylation. Long-chain acyl-CoA dehydrogenase (LCAD) is also regulated by reversible acetylation. Deacetylation of LCAD by SIRT3 activates its catalytic activity, facilitating mitochondrial fatty acid oxidation in response to fasting. 162) Advanced acetylome analysis also revealed a large number of acetylated proteins in bacteria that do not have histones.
165)
Defatty-acylation: Novel functions of HDACs
Protein lysine residues are subject to a variety of posttranslational modifications. Recent advancements in mass spectrometry have enabled the finding of new acyl-modifications on lysine residues such as: propionylation, butyrylation, succinylation, malonylation, crotonylation and glutarylation (Fig. 8) . In addition to acetylation, HDACs are responsible for removal of these short-chain acyl modifications. In mammalian histones, propionylation, butyrylation, succinylation, malonylation, crotonylation and 2-hydroxyisobutyrylation are also recognized lysine acyl-modifications. 8 ),166)-168) Multiple acyl-modifications often target the same positions, suggesting the presence of differential regulation. It is suggested by mutational analysis in budding yeast that succinylation of histone H4K77 has a role in negatively regulating gene silencing. 167) Histone crotonylation is enriched in active promoters and predicted enhancer regions, and is suggested to function as a specific mark of active sex chromosome-linked genes that escape sex chromosome inactivation after completion of meiosis during spermatogenesis. 166) Histone 2-hydroxyisobutyrylation shows distinct genomic distributions from acetylation or crotonylation during male germ cell differentiation. 2-hydroxyisobutyrylation of histone H4K8 is associated with Chemical and structural biology of protein lysine deacetylases No. 5] active gene transcription in meiotic and post-meiotic cells. 168) On the other hand, the roles of histone propionylation, butyrylation, and malonylation in epigenetic gene regulation remain to be elucidated. HDAC1, 2, and 3 are suggested to be responsible for decrotonylation. 166) Cyclic-AMP-response-elementbinding protein (CREB) binding protein (CBP) and p300 were shown to be responsible for propionylation and butyrylation in addition to acetylation. 8) Emerging evidence demonstrates that sirtuins have general functions not only as deacetylases but also deacylases capable of acting on several acylated substrates. It is reported that the bacterial sirtuin CobB, which is the only known deacetylase in E. coli, has both deacetylase and desuccinylase activities. 169) Recent in vitro studies have further expanded the known enzymatic activities of mammalian sirtuins (Fig. 8) . SIRT1 was identified as the first enzyme to depropionylate and debutyrylate.
9) The catalytic mechanism for depropionylation was investigated with Sir2Tm from Thermotoga maritimea in complex with a propionylated p53 peptide. The crystal structure of Sir2Tm showed that the binding of propionylated peptide induces structural rearrangements to accommodate the bulkier acyl group in the active site compared to the acetylated peptide-bound structure. 170) In addition, SIRT1 and SIRT2 act as efficient histone decrotonylases, 171) and SIRT1, SIRT2, and SIRT3 can remove several long-chain fatty acyl groups from lysine. 172) We have analyzed the X-ray crystal structures of SIRT2 co-crystalized with myristoylated peptides and found that the myristoylated lysine residue was accommodated in a hydrophobic cavity, which was formed upon substrate binding. Interestingly, simultaneous incubation with NAD D resulted in the detection of Omyristoylated ADP-ribose, an intermediate in the transition state, in the crystals (Fig. 5B) .
173) The mitochondrial SIRT5 displays very weak deacetylase activity, but has potent desuccinylase and demalonylase activities, and was also recently found to have deglutarylase activity. 174)-177) Some lysine sites for acetylation, succinylation, malonylation, and glutarylation are overlapped. 177) A crystal structure in complex with a succinate peptide showed that SIRT5 has a unique acyl pocket in which the carboxylate of succinate interacts with the tyrosine and arginine residues (Fig. 5C) . 175) SIRT5, together with the major mitochondrial deacetylase SIRT3, modulates key metabolic enzymes and functions as a metabolic sensor in response to nutrient availability or the energy status of the cell. SIRT6 efficiently removes long-chain fatty acyl modifications, such as myristoyl, from lysine residues. SIRT6 promotes the secretion of tumor necrosis factor-, (TNF-,) by removing the fatty acyl group on K19 and K20 of TNF-,. The crystal structure of SIRT6 revealed a large hydrophobic pocket that can accommodate long-chain fatty acyl groups.
178) SIRT6 also undergoes auto-ribosylation, which might contribute to the self-regulation of catalytic functions. 45) Though the mitochondrial SIRT4 has no HDAC activity but weak ADP-ribosyltransferase activity, the loss of SIRT4 affects glutamate dehydrogenase activity and insulin secretion, suggesting its physiological significance. 57 ), 179) Recently, SIRT4 was shown to exhibit lipoamidase activity, which removes the lipoyl group from the pyruvate dehydrogenase complex responsible for generation of acetyl-CoA in mitochondria. 180) Most recently, it was reported that HDAC8, a zinc-dependent class I HDAC, has defatty-acylation activity from octanoyl, dodecanoyl, and myristoyl lysine residues. 181) These observations suggest that both NAD D -and zinc-dependent HDACs have an evolutionary role in removing a variety of acyl groups ranging from acetyl to long-chain fatty acyl groups on protein lysine residues that often occur in the presence of acyl-CoA.
In contrast to the discovery of enzymes responsible for the removal of a variety of acyl groups from protein lysine substrates, apparently no enzyme for acyl transfer to lysine residues has been reported, except histone acetyltransferase CBP/p300, which is also responsible for histone propionylation and butyrylation. 8) In bacteria and mitochondria, nonenzymatic protein acylation may occur by using reactive thioester or acyl phosphate compounds such as acetyl-CoA, succinyl-CoA and acetyl phosphate. 182 ), 183) The microenvironment of the mitochondrial matrix with an alkaline pH and abundant acyl-CoA may also facilitate non-enzymatic protein acylation. 182) Such uncontrolled protein acylation could interfere with protein function and thus is proposed to be a form of "carbon stress". 184) In this context, lysine deacylases may function to maintain protein quality by removing acyl groups. It is also hypothesized that bacterial or mitochondrial acylation acts as fat storage reflecting metabolic memory.
Conclusion
Over four decades, the fundamental roles of histone acetylation in gene expression and epigenetics have been elucidated thanks to extensive studies at the molecular, cellular, and animal levels. In the first half of this history, however, there were no chemical and molecular tools, which made it difficult to find convincing evidence for the causal relationship between histone acetylation and gene expression. The key discovery leading to identification of deacetylase enzymes and development of novel therapeutic opportunities was achieved from microbial screening aimed at anticancer drug discovery in the 1990s. The identified natural products including TSA, TPX, and FK228 paved the way to molecular studies on HDACs by serving as definitive chemical tools for biochemistry, molecular cloning, and cancer therapy, respectively. This is a typical example indicative of the power of chemical biology for unraveling biologically complex phenomena. Recent structural, chemical, and molecular biological studies of HDACs revealed new roles of this enzyme family including regulation of metabolism, aging, and homeostasis, leading to the next phase of HDAC research. Indeed, discovery of the enzymatic activity of HDACs to remove a variety of acyl groups from protein lysine residues shed new light on the functional origin and evolution of the enzyme family. Identification of endogenous regulatory molecules and development of isoform specific small molecule inhibitors will further accelerate the progress of HDAC research for understanding the bona fide functions conserved from bacteria to humans. 
